study question: What is the relationship between semen parameters and mortality in men evaluated for infertility? summary answer: Among men undergoing an infertility evaluation, those with abnormal semen parameters have a higher risk of death, suggesting a possible common etiology between infertility and mortality.
Introduction
Approximately 15% of couples are unable to conceive after 1 year of unprotected intercourse and are labeled infertile with a male factor etiology identified in 30 -50% (Thonneau et al., 1991; Chandra et al., 2005) . Advances in assisted reproductive technologies have allowed men to overcome severe reproductive impairments and still father offspring. While it is thought that there may be health implications for these offspring, less is understood about the health implications of a diagnosis of impaired fecundity for a man (Davies et al., 2012) .
Authors have hypothesized that genetic, hormonal, environmental/ lifestyle or in utero factors could explain a link between a man's reproductive and somatic health. Indeed, as up to 15% of a man's genome is devoted to reproduction, defects in fertility may manifest as other health impairments (Matzuk and Lamb 2008) . For example, defects in DNA repair will impair both meiosis and mitosis, thus conceivably affecting spermatogenesis and increasing the likelihood of carcinogenesis (Mukherjee et al., 2010) . Another theory posits that hormonal aberrations may explain the association between testicular failure and mortality, as impaired androgen states have been linked to infertility and cardiovascular mortality (Andersson et al., 2004; Khaw et al., 2007) .
Importantly, longitudinal studies suggest impaired health outcomes in men years after a diagnosis of male factor infertility. Groups in Europe and the USA identified an increased incidence of cancer in men with impaired fertility many years after conceptive efforts ceased (Jacobsen et al., 2000; Walsh et al., 2010) . To date, there is limited data exploring mortality rates among men with a history of infertility. Investigators have demonstrated increased mortality rates among Danish men with impaired semen parameters who were evaluated for infertility between 1963 and 2001 (Jensen et al., 2009) . In contrast, a German group demonstrated no change in mortality for oligospermic or azoospermic men evaluated for infertility between 1949 and 1985 (Groos et al., 2006) . Thus, while infertile men are generally counseled about a higher risk of testicular germ cell tumors, the association with overall mortality is less certain.
In addition, comorbid conditions are known to impair semen quality and impact mortality (Berrington de Gonzalez et al., 2010; Sermondade et al., 2013) . Thus a man's health status at the time of infertility evaluation must be examined when exploring the relationship between semen quality and mortality.
Given the biologic plausibility of this association and the conflicting data in the literature, we sought to determine if semen parameters correlated with mortality in a contemporary cohort of US men evaluated for infertility.
Methods

Study population
After Institutional Review Board approvals, a study cohort was identified from two centers, each specializing in infertility care. In California, we identified men with data from 1994 to 2011 in the Stanford Reproductive Endocrinology and Infertility semen database. The clinic evaluates and treats infertile couples with both male and female infertility. The laboratory performs a high volume of semen analyses for fertility evaluations and sperm preparations for use with assisted reproductive technologies.
In Texas, we identified men with data from 1989 to 2009 contained in the andrology database at the Baylor College of Medicine Special Procedures Laboratory who were evaluated for infertility. The Men's Health clinic (run by a urologist) evaluates and treats men with male factor infertility or men presenting for a fertility evaluation. The laboratory performs semen analyses for fertility evaluations and sperm preparation for cryopreservation or intrauterine insemination.
At both centers, men evaluated for infertility were self-referred or referred by a gynecologist, urologist or reproductive endocrinologist. For men with multiple semen analyses, only the first test was used in the present study. Men with a history of a vasectomy were excluded from the study population. The methods used for analysis of semen (sperm concentration, motility and volume) have been previously described (Coetzee et al., 1999; World Health Organization., 1999) . The California cohort also included morphology scoring as described by Kruger et al. (1988) . Total sperm count was calculated by multiplying volume × sperm concentration. Total motile sperm count was calculated by multiplying volume × concentration × motility. We did identify a trend toward improved semen motility in the later years in the California cohort. All other parameters in California and all parameters in Texas remained constant over the time period. Importantly, inclusion of evaluation year did not meaningfully impact our results. We limited our analysis to reproductive age men (20-50) to limit the association between age and semen quality. In addition, the California cohort was linked to administrative data to obtain information on patients' comorbidities identified using ICD-9-CM codes. The score on the Charlson Comorbidity Index (CCI) was calculated using the modifications of Quan et al. (2005) . Risk adjustment for health status was also performed using Centers for Medicare & Medicaid Services-Hierarchical Condition Categories (CMS-HCC) Model developed for ambulatory patients (Pope et al., 2004) . Comorbidity data were not available for the Texas cohort.
Outcome ascertainment
For the California cohort, death was identified through linkage with the Social Security Death Index (SSDI). The SSDI is a database maintained by the United States Social Security Administration which contains information about persons who had Social Security numbers and whose deaths were reported to the Social Security Administration from 1962 to the present. All eligible men in the Texas database were linked to the National Death Index (NDI). The NDI is a central computerized index of death record information compiled from data submitted to the National Center for Health Statistics (NCHS) from each state's vital statistics office. Automated, probabilistic matching was performed using social security number, first name, last name, middle initial and date of birth. Both the SSDI and NDI provide equivalent information regarding death status and date of death with .90% case ascertainment (Williams et al., 1992; Buchanich et al., 2005) .
Statistical analysis
Men accrued at risk time from their initial semen analysis until death or 31 December 2010 (the final year that complete death data was available in Texas) or 31 December 2011 (the final year that complete death data was available in California). The rate of death in our cohort was compared with the general US population after calculating the expected number of deaths by multiplying the number of years at risk by the 5-year age strata death rates from the NCHS (Murphy et al., 2013) . Standardized mortality rates (SMRs) were calculated by dividing the observed number of deaths by the expected number of deaths. Analyses were performed on the entire cohort as well as subgroups of infertile men.
We also analyzed the risk of death in infertile men after stratifying by semen parameters using a Cox proportional hazards regression model while adjusting for age, year of evaluation, center of evaluation and either the CCI or CMS-HCC risk adjustment scores. Abnormal semen parameters were defined based on the WHO fifth edition of the manual on semen analyses (Cooper et al., 2010) . Given that morphology data were only available in California, the analysis examining the total number of semen abnormalities was limited to semen volume, sperm concentration and sperm motility. Comparison between Kaplan-Meier curves was performed using log rank function. All P-values were two sided with P , 0.05 considered statistically significant. Analyses were performed using SAS (version 9.3, SAS Institute, Inc., Cary, NC, USA).
Results
During 92 104 person years of follow-up, 69 of 11 935 men died (0.58%). The mean age at infertility evaluation was 36.6 years with a mean followup of 7.7 years. The mean age at death was 44.1 years. Characteristics are listed in Table I . The California men were older than the Texas men (37.1 versus 35.0) at enrollment. Over 97% of the California men had a Charlson comorbidity score of zero.
Reflecting the clinical focus differences between the clinics in Texas and California, men from Texas had significantly lower semen volumes, sperm counts and sperm motility (Table I ). This was reflected in higher rates of semen abnormalities as defined by the WHO fifth edition semen analysis manual in the men from Texas compared with California (Cooper et al., 2010) .
Despite these differences in patient characteristics and baseline semen parameters, the SMRs were similarly low at both centers. In the men evaluated for infertility in Texas, 21 deaths were observed Relationship between semen quality and mortality compared with the 47.0 expected (SMR 0.45, 95% CI 0.28 -0.68). In the California cohort, 48 deaths were observed compared with the 129.7 expected (SMR 0.37, 95% CI 0.27 -0.49, Table II) . Next, we stratified the men based on semen parameters. Men with male factor infertility were identified if they possessed abnormal semen parameters as defined by the WHO fifth edition semen analysis manual (Cooper et al., 2010) . Men who had been evaluated for infertility but were found to have normal volume, concentration, motility, forward progression, total sperm count and total motile sperm count (i.e. no male factor infertility) had SMRs significantly less than unity. While men evaluated for infertility who were found to have low motility, forward progression, total sperm count, total motile sperm count and morphology (i.e. male factor infertility) had SMRs less than unity, the SMR was 2-fold higher than men with normal semen parameters (Table II) . Moreover, as the number of semen abnormalities increased, so did the SMR.
When directly comparing men with normal and abnormal semen parameters, men with abnormal parameters (except morphology) had a higher risk of death (Table III) . For example, infertile men with oligospermia (concentration ,15 M/ml) had 2.2 times higher risk of death compared with men with normal sperm concentration. While the hazard ratios appeared higher for the Texas men for most abnormal semen parameters, no significant difference was identified based on location. In addition, the risk of death rose as the number of semen abnormalities (i.e. semen volume, concentration and motility) increased. (Fig. 1) . Because many men, particularly in the Texas cohort, had multiple semen abnormalities, the risk associated with a given abnormality may not be due to that abnormality alone since many men in the group will have other abnormalities as well. Indeed, 62% of men in the Texas cohort with abnormalities had two or more versus 30% in the California cohort illustrating the difference in semen quality between the two.
After accounting for baseline comorbidity scores (using CCI and CMS-HCC), the association between mortality and individual abnormal semen parameters was lost (Table III) . However, men with two or more semen abnormalities still had an elevated risk of death in the years after an infertility evaluation (HR 2.29, 95% CI 1.12 -4.65) although the risk was attenuated.
Discussion
The current report found that a man's semen quality was inversely associated with mortality. Men with impaired sperm counts, sperm motility or semen volume (i.e. male factor infertility) had higher mortality rates compared with men with normal semen quality. Moreover, the risk of death increased with an increasing number of semen parameters in the subfertile range. While current health conditions attenuated the association between isolated semen abnormalities and mortality, men with multiple semen abnormalities continued to have an elevated risk of death. However, men who had an infertility evaluation had a lower mortality rate compared with the general population.
Our finding of an increased mortality rates for men with impaired semen parameters compared with those with normal production is consistent with a prior Danish study (Jensen et al., 2009 
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Relationship between semen quality and mortality sperm count and mortality was identified. Moreover, current health status was not assessed in the Danish study. The only other study examining the relationship between sperm parameters and mortality found no overall association among infertile men in Germany (Groos et al., 2006) . However, as many of the cohort were directly involved in or affected by World War II and its aftermath, the general applicability to a contemporary group is uncertain given the length of time since the war and the powerful impact that war may have on a people and environment. The current report represents a contemporary US cohort of men evaluated for infertility.
It is important to note that the cohort had a lower mortality rate compared with the general population, similar to the findings of the Danish study. This is perhaps not surprising given that men who seek infertility care represent higher socioeconomic and educated groups (Jenkins, 2005; Hotaling et al., 2012) . Indeed, socioeconomic status indicators are associated with mortality (Lantz et al., 1998) . In addition, men who seek infertility services have higher rates of marriage, which is also associated with lower mortality (Martinez et al., 2006; Hotaling et al., 2012) . Based on these demographic factors, one may expect lower mortality rates in men seeking an infertility evaluation compared with the general population. In addition, similar to the 'healthy worker effect,' observed in occupational cohorts, men attempting to conceive likely represent a healthier group than the overall population (Park, 1996) .
While the etiology of the association between fertility and mortality is uncertain, several plausible explanations exist including genetic, hormonal, developmental and lifestyle/behavior. As up to 15% of the male genome is involved in reproduction, it is likely that other nonprocreative processes may also be affected by aberrations in fertility (Matzuk and Lamb 2008) . For example, defects in DNA repair will impair both meiosis and mitosis, thus conceivably affecting spermatogenesis and increasing the likelihood of carcinogenesis (Mukherjee et al., 2010) . Another theory posits a hormonal explanation. Men with infertility have lower circulating testosterone levels than fertile men (Andersson et al., 2004; Meeker et al., 2007) . As hypogonadism is a risk factor for cardiovascular disease and mortality, such an explanation may link offspring number to cardiovascular death (Khaw et al., 2007; Laughlin et al., 2008) . In addition, researchers hypothesize that disruptions that occur during fetal life can impair normal genital development and health phenotypes (Barker, 1995; Skakkebaek et al., 2001) . Finally, a shared risk factor etiology through lifestyle characteristics may link fertility to health. For example, smoking impacts both fertility and lifespan (CDC, 2010; Li et al., 2011) .
The current data support the complex relationship between fertility and health. While infertility alone may be a marker of diminished fitness, it may also represent the presence of chronic diseases which themselves may lead to impaired health later in life. As health can impact semen quality, it may be covert impaired health which impairs semen production and also leads to higher mortality rates in the subsequent years. Indeed, the attenuation of the relationship between semen quality and mortality after adjusting for baseline comorbidity suggests that current health may mediate this relationship. Furthermore, a common etiology between impaired overall and reproductive health is suggested by the current analysis.
Several important limitations warrant mention. As with many analyses that rely on administrative data, granular information on each man regarding infertility diagnosis and lifestyle factors was unavailable. We did utilize medical diagnoses to estimate current comorbidity status for this relatively healthy population using two separate measures of comorbidity: CCI and CMS-HCC. We chose the CCI as it is a valid and reliable index used by health researchers to assess the impact of comorbid disease status in health care databases. However, it was developed utilizing inpatient data on older patients, so applicability in the outpatient setting among younger men is less certain. The CMS-HCC method for risk adjustment provides the advantage of incorporating a more robust sample of diagnostic codes to understand subjects' current health across ambulatory settings and incorporates data from younger patients than CCI. While both methods of comorbidity produced similar estimates, the data remain bound by the limits of retrospective, administrative data. Case ascertainment also relied on registry data and may lead to underestimates of the true number of deaths (Williams et al., 1992; Buchanich et al., 2005) . Furthermore, since cause of death was not available, we could not determine if specific etiologies (e.g. cardiovascular) were present at higher rates. In addition, comorbidity data were only available for the California cohort. Given the younger age of the Texas group and the limited power of each individual cohort, it is perhaps not surprising that similar SMRs were seen between the state specific cohorts despite the fact that higher rates of abnormal semen parameters were seen in the Texas cohort. In addition, the infertility databases utilized represent men who presented for infertility evaluation rather than an unselected group of men. Indeed, data suggest that men who seek infertility care represent higher socioeconomic status than the population as a whole and are likely healthier (Hotaling et al., 2012) . As such, the current findings may not apply to the general population. In addition, the patients in the cohort were relatively young with average follow-up of 7.7 years, a time when death represents a rare event.
Nevertheless, the current finding represents the first US study to demonstrate a higher risk of death in men with severely impaired semen parameters (i.e. two or more abnormal semen parameters). Our multi-centered design, including one center specializing in male infertility, provides a representative sample of men evaluated for infertility in the USA. Despite a short follow-up and the youth of the cohort, we noticed significant divergence in risk of death based on semen parameters even after accounting for baseline health. While reassuring that the absolute risk of death remains low for men evaluated for infertility in the decade after an infertility evaluation, the current report suggests that further examination of the link between mortality and semen quality is warranted.
